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Abstract
Vortex-induced vibrations (VIV) of structural members are ubiquitous in ocean
towing and mooring applications. The effect of VIV on the total loading on a member
can be substantial, especially near structural resonance, where an extremely large
dynamic component could result. An apparatus for the experimental study of flow-
induced transverse vibrations in marine cables is described. The system employs real-
time numerical simulation, with force measurement and high-bandwidth feedback to
emulate a variety of real-world characteristics.
The implementation of a linear mass, spring, dashpot mounting is illustrated.
Results are presented from a study of fluid interaction with this system. A lock-in
region is observed for structural frequencies 80-100 percent of the Strouhal rate. For
structural damping ratios less than one percent, a maximum amplitude to diameter
ratio of unity is reached near a nondimensional frequency of 0.85.
Subsequently, the formulation and implementation of a two-mode inclined cable
system is delineated. The interaction of this system with a free stream can be cat-
egorized as follows: At structural nodes, a uniform, narrow-band lock-in behavior is
observed, wherein the lower mode contains a majority of the energy. Away from the
nodes, in several cases there is strong lock-in to the second mode only, but also a num-
ber of bimodal responses. These latter data are characterized by a direct transition
of energy from the first to the second mode.
For both structural models, flow visualization is used to qualitatively examine the
near wake structure over a representative range of parameters. Areas of future study
are suggested. Preliminary design considerations for a future two-degree of freedom
testing apparatus are outlined.
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Chapter 1
Introduction
Vortex-induced vibrations (VIV) of structural members are widespread in oceano-
graphic research (towed acoustic arrays, side scan sonar), ocean towing and mooring
(remotely operated vehicles), and offshore industry applications (tension leg plat-
forms, marine risers). Their practical importance stems from several effects. A flexi-
ble member which oscillates at high frequency, normal to the flow, has an increased
effective drag coefficient. As a result, the overall dynamics of structural member are
greatly affected. Additionally, the increased drag results in higher static tensions.
The total loading, which may include an extremely large dynamic component near
structural resonance, can reduce the system's fatigue life considerably. In the case of
a deeply-towed vehicle, the dynamics of the cable projected onto the horizontal plane
are greatly altered by this effect. These dynamics become particularly important
when using instruments such as side scan sonar, where small perturbations can lead
to significant measurement errors.
1.1 The Problem at Hand
Due to the ubiquitous nature of VIV in marine applications, much research to
date has focused on gaining a basic understanding of the dynamics of a flexible bluff
body, such as a marine cable, interacting with a viscous flow. However, as the dy-
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namics of both viscous flows and extensible cables are not fully understood, present
models of the coupled problem are either incomplete, or not valid for a range of appli-
cations. This problem is being studied numerically, using direct numeric simulation,
and experimentally, using partial and full scale models [23].
To experimentally study the fluid-structure interaction, we have constructed an
apparatus that enables virtual free-vibrational testing of a rigid section. Force signals
acting on the section are fed through a real-time simulator, which in turn drives a
high-performance servo linked to the section. This virtual cable testing apparatus
(VCTA) allows the test section to respond directly to the actual fluid forces, while
providing a great deal of flexibility in the dynamic nature of the mounting. In this
thesis, experimental results from the study of uniform flow interaction with both a
linear mass, spring, dashpot model and an inclined bimodal cable model are presented.
Emphasis is placed on the measurement of the lift force and amplitude of motion for
a representative range of parameters.
1.2 Summary of Previous Research
One goal of VIV investigations is to develop a general, analytical model capable
of predicting the complex interaction of an inflow (not necessarily uniform or steady)
with a slender, flexible marine structure [19]. These models will allow a structural de-
signer, in a practical sense, to optimize marine structures for a given set of parameters
and operating conditions.
VIV was first studied by measuring the forces acting upon rigid members, which
were either towed stationary to, or oscillated normal to a steady oncoming flow. In
the case of forced oscillations, an imposed waveform (usually sinusoidal) must be
selected a priori. This approach may be justified where the response is known (i.e.
near lock-in, see chapter 2).
1.2. Summary of Previous Research
One of the earliest studies was performed by Bishop and Hassan in 1963 [4]. In
their paper "The Lift and Drag Forces on a Circular Cylinder in a Flowing Field",
the authors report results from a series of experiments involving a stationary towed
cylinder. They observe that the Strouhal number (see equation 2.2) remains relatively
constant at 0.20 for sub-critical Reynolds numbers. In addition, they note that the
drag force consists of a steady component and a fluctuating component, oscillating
at twice the Strouhal rate. In the sequel, "The Lift and Drag Forces on a Circular
Cylinder Oscillating in a Flowing Fluid", a scotch-yoke mechanism was used to os-
cillate a towed section. The lift and drag forces were measured using a strain gauge,
and recorded with a pen oscillograph for Reynolds numbers 3, 600 < Re < 11, 000.
Experiments were conducted for a variety of towspeeds, oscillation frequencies and
amplitudes. The authors observed the wake synchronization phenomenon, a peak in
the lift force magnitude as the Strouhal rate approached the forcing frequency, and
an abrupt change in the phase of the lift force in the lock-in region at a critical forcing
frequency. They also noted that "[f]orces act on a circular cylinder in a flowing fluid
which are such as might be imposed by a 'non-linear self-excited fluid oscillator' "
More recently, in his ScD thesis, "Vortex-Induced Forces on Oscillating Bluff
Cylinders", Gopalkrishnan imposes a range of computer generated sinusoidal wave-
forms on a rigidly mounted cylindrical test section [9]. Gopalkrishnan distinguishes
between a lift coefficient excitation region, where the cylinder in excited by the flow,
and a lock-in region, where the vortex shedding frequency synchronizes with the forc-
ing frequency. Noting that pure sinusoids are rarely observed in deployed systems, the
author conducted a series of experiments for a range of beating patterns. Although
there were "substantial difficulties in interpreting the behavior of the lift coefficient",
the author notes a larger excitation region than in the case of purely sinusoidal forcing.
Many other studies using forced oscillation fall between work of Bishop and Hassan,
and Gopalkrishnan. Several excellent review exist, such as those by Bearman [2],
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Sarpkaya [20] and Triantafyllou [23] .
The other predominant approach in the study of VIV is to measure the forces
acting on a compliantly mounted section. The advantage of this approach is that the
waveform motion is generated by fluid forcing, and does not have to be approximated
a priori. The disadvantages are greater mechanical complexity and difficulty in speci-
fying the nature of the compliant mount. Staubli attempts to bridge the gap between
forced and "free" testing by using experimentally measured lift and drag forces from
forced oscillations tests to predict the response of elastically mounted cylinders [22].
The majority of free vibration work has been done with simple mass, spring, dash-
pot mountings. In their paper, "The Lift Force on a Vibrating Cylinder in a Current",
Moe and Wu report a series of experiments where a test section is mounted such that
its motion can be prescribed, or left free, constrained only by springs [18]. The au-
thors note that the measured forces for free and forced experiments are consistent if
the free stream velocity and response amplitude are similar.
1.3 An Overview of Following Chapters
This chapter has explained the motivation behind this study of vortex-induced
vibrations of flexible members, and categorized this work into the scheme of previ-
ous research. In Chapter Two, we present the theory behind vortex shedding of a
stationary and a sinusoidally forced rigid bluff body. VIV of compliant structures
is addressed in the following chapters. The experimental apparatus is described in
Chapter Three. The flow visualization system, control structure, and data acqui-
sition system are delineated. Chapter Four presents experimental results from the
study of flow interaction with a linear mass, spring, dashpot structural model. The
numerical implementation of the model and data reduction methods are described.
The results are compared with forced data from a study Gopalkrishnan performed
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using a similar testing apparatus. In Chapter Five, we discuss the motivation behind
our study of the flow interaction with an inclined cable model. The solution of the
linear differential equations is outlined, and the is methodology for implementing a
bimodal model of a shallow sag inclined cable using Galerkin projection is presented.
Experimental results from a set of sixty experiments are analyzed. In Chapter Six,
we swap vantage points, and qualitatively investigate the effect of the cylinder on the
near wake vortex formation in the lock-in region using a dye-injection system. The
vortex structure is categorized over representative range of parameters for both struc-
tural models. Wake comparisons are made with published data. Finally, in Chapter
Seven the major points of this work are summarized, and suggestions are made for
areas for further study. Preliminary design considerations for a future two-degree of
freedom testing apparatus are outlined.
Chapter 2
Mathematical Modeling of Vortex
Shedding
2.1 Parametrization
Vortex shedding of a rigid cylinder can be characterized by several nondimen-
sional parameters. The Reynolds number (Re) relates the relative importance of
fluid inertial forces to viscous forces
UdRe =-- (2.1)
where U is the free stream velocity, d the body diameter, and i the kinematic viscosity.
The Strouhal number (St) is defined as the ratio of body diameter to vortex path
length per cycle
St- fD (2.2)
U
where f is the vortex shedding frequency in Hz. Other parameters include surface
roughness, incoming flow shear and turbulence, aspect ratio d/L, where L is the cable
length, end conditions, ratio of oscillation frequency to Strouhal frequency, inclination
angle of the cable axis to the incoming flow, and amplitude of oscillation to diameter
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ratio [23].
In general, the Strouhal number is a function of both Reynolds number and body
geometry. However, for the case of a hydrodynamically smooth bluff body in subcrit-
ical flow (300 < Re < 1.5 x 105), it has been shown experimentally that the Strouhal
number remains near 0.20, and is relatively insensitive to Reynolds number [5]. In
the following sections, we assume the inflow is both uniform and subcritical, and the
bluff body is hydrodynamically smooth, of infinite aspect ratio, and zero curvature.
2.2 A Fixed Cylinder in a Uniform Stream
A cylinder placed in a free stream will, in addition to the steady drag force (in
the direction of the flow), also experience oscillating lift (normal to the flow) and
drag forces. These forces result directly from vortex shedding. A particle of water
approaching a bluff body will encounter an increase in pressure as it approaches a
stagnation point located on the leading section. As the particle comes in contact
with the body and is accelerated around the forward section by a favorable pressure
gradient, momentum is lost due to to viscous forces. Consequently, as the fluid particle
passes through the point of maximum thickness and is subsequently decelerated by the
adverse pressure gradient, the reduced momentum is insufficient to keep the particle
attached to the body for Reynolds numbers Re > 300. As a result, the boundary
layers separate, and form a shear layer which curls into the near wake (the outer
layer is moving at the free stream velocity, and the inner layer is moving at a reduced
velocity due to the retarding effect of viscous contact forces). An asymmetric shedding
pattern occurs in the near wake, leading to oscillating lift and drag forces. In the
case of subcritical flow (i.e. the boundary layer is still laminar), this unsteady wake
configuration is stable, as can be seen in Figure 2-1. This asymmetric shedding
pattern is known as the von Kirmin vortex street. From the geometry of the street,
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Figure 2-1: von Karman vortex street behind a circular cylinder. Photograph by
S. Taneda, from Van Dyke [7].
it can be seen that the unsteady drag force will be oscillating at twice the frequency
of the lift force [5].
As vortices are shed, unsteady hydrodynamic surface pressures act on the body.
These can be decomposed into a time varying lift and drag force
L = L, sin(21rfat + 0,) (2.3)
D = D + D, sin(2r(2f,)t + 9,) (2.4)
where D is the mean drag force, and q and 0 are phase angles. The subscript 's'
denotes the Strouhal component.
Mwýx
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2.3 A Sinusoidally Forced Cylinder in a Uniform
Stream
The interaction of the moving body with the flow field has a significant influence
on the wake structure. As the Strouhal frequency approaches the forcing frequency
of the cylinder, there are several profound effects on vortex shedding. Blevins [5] lists
the following:
* Vortex strength increases.
* Mean drag increases.
* Shedding frequency synchronizes with forcing frequency.
* Phase, sequence and pattern of vortices are altered.
* Spanwise correlation length increases.
This phenomenon is referred to as lock-in, wake capture, or synchronization [9]. In
general, as the Strouhal rate passes through the forced oscillation frequency, the phase
of the transverse shedding force abruptly switches by 180 degrees. When Strouhal rate
approaches the forcing rate from above, the vortices tend to be shed from the inboard
side of the cylinder at the point in the cycle where the outboard side experiences its
maximum displacement. Conversely, when the Strouhal rate approaches the forcing
rate from below, the vortices tend to be shed from the outboard side of the cylinder at
the point in the cycle where it reaches its maximum displacement [29]. This hysteresis
is commented on by Bishop and Hassan [4].
One of the fundamental models for the VIV phenomenon is that of the lock-in
region [16], which is schematically shown in Figure 2-2. Lock-in for forced oscillations
is parameterized by the nondimensional frequency and amplitude. There are three
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*0
Non-Dimensional Frequency
Figure 2-2: Lock-in behavior for forced oscillations is parametrized with nondimen-
sional frequency fo/f, and amplitude to diameter ratio Y/d. At lock-in (I), the
transverse fluid loading is periodic at the frequency of motion ; regions (II) and (III)
indicate quasi-periodic loading, and periodic non lock-in regimes, respectively.
regions of interest. In the central region (I), strong lock-in leads to primarily sinusoidal
loading at the frequency of motion; outside this, but inside the so-called receptivity
boundary (II), the wake becomes quasi-periodic. Finally, outside both regimes (III),
a periodic and stable wake is observed, eventually recovering the fixed-cylinder case.
In the context of compliant structures, lock-in is exhibited when the observed vi-
bration locks to a structural mode that is slower than the Strouhal rate [8], [10]. Pre-
sumably, this corresponds to a loading regime in the upper-left portion of Figure 2-2.
The trajectory of a cylinder under transverse sinusoidal forcing is
Y(t) = Yo sin(27rfot) (2.5)
where Y, is the amplitude and fo is the frequency of oscillation in Hertz. The subscript
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'o' refers to the forcing component. The lift force can be decomposed into components
L = L, sin(27rfot + o,) + L, sin(27rft + 0,) (2.6)
D = D+ Do sin(2(2irfo)t + 0o) + D, sin(2(2irf,)t + l,) (2.7)
where 0, is the angle by which the lift force leads the imposed motion [9]. The lock-in
region is of primary concern due to the increase in vortex strength and VIV forcing.
When lock-in occurs, the Strouhal component becomes a second order effect, and can
be neglected, as will be experimentally shown in Chapter 4.
Using trigonometric identities, the fluid forcing can be decomposed into a lift
component in phase with the lateral velocity, CL,, and an added mass component in
phase with the acceleration, CLa. The lift force is nondimensionalized with dynamic
pressure.
Lo sin( 0o)CL" , = ldU2  (2.8)
Lo(- cos(¢o))CPd = (2.9)pldU 2
Positive values of CLv indicates excitation, as energy flows from the fluid into the
structure. Likewise, negative values of CLv indicate damping, as energy flows from
the structure to the fluid. Also, note that positive added mass would yield € = 0, in
which case CLa would be negative.
Dimensional added mass can be calculated by applying Newton's Second Law,
dividing the magnitude of the lift force in phase with acceleration by the magnitude
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of the acceleration.
Ma=PdU2Cna (2.10)
Yo(27rfo)2
From equation 2.10, it is clear that added mass is a function of frequency. The added
mass can be nondimensionalized in the conventional manner, dividing by the mass of
the displaced volume, V.
CM. = Ma (2.11)
2.4 Discussion
VIV occurs when the natural frequency of the flexible structure is close to the
Strouhal frequency of the wake. The simplest mounting is a mass, spring, dashpot
system, which is described in Chapter Four. Explicit mathematical models have also
been developed for the lift coefficient by a number of authors, including Hartlen and
Currie [12], and Skop and Griffin [21]. These models use a Van der Pol structure,
which is the simplest available that leads to self-limiting nonlinear oscillations. The
models match test data reasonably well, although the comparisons are made with
data from forced oscillations. These models address fluid forces only, and say little
about explicit fluid-structure interaction.
Chapter 3
Experimental Apparatus and
Control Systems
3.1 General Overview
We describe a virtual cable testing apparatus (VCTA) for the experimental study
of flow-induced transverse vibrations in marine cables. The system employs real-
time numerical simulation, with force measurement and high-bandwidth feedback to
emulate a variety of real-world characteristics. To reproduce or compare results with
other researchers, a thorough understanding of the experimental methods by which
the data was obtained is essential. For this reason, the subsystems of the VCTA are
described in detail. The apparatus is designed to measure the hydrodynamic lift force
acting on a dynamic cylindrical section in a uniform stream. Through a numerically
simulated plant, the exact dynamic nature of the section is specified. This approach
provides a great deal of freedom in the selection of a structural model. However, for
this approach to be effective, the desired dynamics of the compliant mount must be
uncoupled from the dynamics of the apparatus.
3.2. The Physical Systems
3.2 The Physical Systems
3.2.1 Testing Tank Facility
The experiments were conducted at the Massachusetts Institute of Technology in
the Department of Ocean Engineering's Testing Tank Laboratory. The laboratory
houses a 30 m rectangular channel, measuring 2.6 m wide by 1.4 m deep, filled
with fresh chlorinated water. A plethora of support, control, and data acquisition
microprocessors located at the head of the tank (the Bridge) are used to control the
apparatus. A monitor, linked to a CCD camera mounted on the carriage, provides a
display on the Bridge.
The towing carriage consists of a rectangular box suspended above the centerline
of the tank on a cylindrical rail. The carriage is propelled by a tensioned spring steel
belt linked to an AC motor, which is under PID control of a microprocessor on the
Bridge. A tachometer mounted to the motor indicates a steady state velocity error
which is under two percent.
The carriage is comprised of a roller assembly, an electronics bay, and a mount-
ing bed. The roller assembly consists of twenty 4.5 cm wheels, mounted on four
independent cars through roller bearings. We designed this wheel system to have a
durometer hardness of 60-70 in an effort to mechanically isolate the testing appara-
tus from any irregularities on the carriage rail. The electronics bay houses the servo
transformer and amplifier, a Dell 486/66MHz computer, and miscellaneous support
hardware. The Dell is outfitted 16MB RAM, a Motion Engineering Incorporated
(MEI) controller board, and a ComputerBoards DAS16/Jr. data acquisition board.
Through a keyboard and mouse extender, all electronic communications with the car-
riage are carried out from the Bridge. The mounting bed overhangs the box structure,
providing a lip on which apparatus can be easily and securely clamped.
3.2. The Physical Systems
3.2.2 Flow Considerations
To account for the fact that the testing basin is not of infinite dimensions, several
flow considerations must be addressed. The Froude number
U
Fr = (3.1)
relates inertial forces to gravitational forces, where h is the depth of submergence,
and g is the gravitational acceleration. Conducting full speed experiments at mid-
depth results in a Froude number of 0.165. This value satisfies Bishop and Hassan's [4]
criteria that the maximum Froude number remain much less than unity for free surface
effects to be neglected. Having satisfied this criteria, we make no corrections.
The tank walls can affect the flow such that the forces acting on the cylinder are
different than the expected values in an infinite free stream. This effect, referred to
as "blockage", is a function of the ratio of cylinder diameter to total depth. For the
following set of experiments, the blockage ratio is two percent, and assumed negligible.
3.2.3 The Virtual Cable Testing Apparatus
The VCTA is a high performance servo actuated force feedback system. It consists
of a streamlined yoke assembly mounted to a servo actuated linear slide, which in
turn is bolted to a rigid A-Frame attached to the carriage. The motive force for
the mechanical system is supplied by a 1.5HP Parker Digiplan BL50 Brushless DC
Servo, fitted with a 4096 vane encoder attached directly to the tailshaft. Through
a triple spline couple, the servo drives a custom built stainless steel linear roller
bearing slide/lead-screw assembly, which has a specified backlash of 5 microns. The
yoke is bolted to the slide, and consists of two 70 cm long streamlined struts welded
at one end in parallel to an aluminum cylinder 60 cm in length. The test section,
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62 cm long by 3.175 cm diameter, is squeeze fitted between the struts. Two 35 cm
diameter endplates serve to reduce three-dimensional end effects. A mechanically
stiff piezoelectric Kistler 9117a quartz 3-axis load cell is recessed in the yoke behind
one endplate, and measures the fluid and inertial forces acting on the test section in
the lift (Fy) and drag (Fx) directions. The low-level charge coupled signal is carried
through a high insulation armored cable into a 5004 amplifier on the carriage. The
resulting -5 volt high level signal is then piped to the carriage bus system. The
vertical position of the test section is obtained in the form of a 0-10 volt signal from
a Schaevitz HR3000 linear variable differential transformer (LVDT) mounted between
the A-Frame and the yoke (Figure 3-1). Variances for the force sensor and the LVDT
were computed as 9 x 10- 4 N2 , and 4 x 10- 4 cm 2 , respectively.
3.2.4 Dye Injection
Through flow visualization, it is possible to gain a fuller understanding of the
nature of the near wake structure, and the effect of cable dynamics on vortex shedding.
Red dye #40, driven through an injection port located mid span on the trailing edge of
the cylinder, provides clear visualization of the wake structure. A separate injection
line leading to four equally spaced ports along the trailing edge was designed to
provide insight into the nature of the correlation length (Figure 3-2). Compressed
air, stored in a five gallon reservoir, supplies the motive force for the dye. Flow rate is
controlled by a pressure regulator in the air line, and an adjustable needle valve in the
dye line. The delivery system is actuated from the Bridge via an electronic flow valve.
Streaklines are recorded using a miniature underwater video camera mounted on a
streamlined strut positioned aft of the cylinder. A separate monitor on the the Bridge
permits an unobstructed view of flow visualization. In addition, multiple vantage
points are provided by glass panels located lengthwise along the tank (Figure 3-3).
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Rack
Figure 3-1: A linear slide on a moving carriage generates vortex-induced vibrations
through a force-feedback control system and on-line cable simulation.
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Figure 3-2: Two independent delivery systems allow visualization of both correlation
length and near wake structure.
The tuning of this system will be described in Section 6.2.
3.2.5 Data Acquisition
Due to existing physical constraints, a distance of 70 m separates the carriage
from the Bridge. In constructing a data bus to cover a span of this length, care must
be taken to reduce signal corruption caused low frequency noise. For this reason,
shielded, twisted pair ribbon cable was selected for the bus transmissions link. For
compatibility and ease of use, each end of the cable terminates into a breakout board,
fitted with twenty-six BNC female sockets. Following standard practice, the shield
Tm..A
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Figure 3-3: Compressed air provides the motive force for a remotely triggered flow
visualization system.
r
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is tied to ground at the Bridge only. As all of the amplifiers are based on the car-
riage, only high level signals are transmitted through the bus. Comparison of signals
recorded at the carriage with those sent through the bus and recorded at the Bridge
indicates that significant noise is not introduced by the bus system.
Data acquisition is performed by two dedicated computers on the Bridge, each
fitted with a DAS16/jr A/D card. The data collection and analysis platform is a
Hewlett Packard 386 with math co-processor. During an experimental run, the Fx,
Fy, and LVDT channels are sampled at 100 Hz, and then written to disk in MAT-
LAB format for subsequent post-processing. DASYLab, a graphical signal processing
package, runs continuously on the other platform, a DELL 486, and provides real time
system status. Lift, Drag, and position are plotted in five second blocks on individual
graphs. In parallel, digital meters running at 10 Hz display the numerical value of
each signal. The LVDT is also piped through a 10 Hz bar graph, which provides a
pictorial representation of the VCTA response in heave.
3.3 The Control Systems
3.3.1 The Inner Loop: A Servo Control System
The servo is controlled via a MEI PC-DSP card located in the dedicated micro-
processor on the carriage. Using the tailshaft encoder of the servo, an error signal is
generated. Velocity control was selected over position or torque control on the basis
of motion smoothness. The servo is tuned such that less than one degree of phase loss
can be discerned for oscillations of three cm amplitude and frequency fifteen radians
per second. These tuning parameters were chosen to exceed the expected response by
fifteen percent. By using a control loop bandwidth of 12 kHz, the velocity command
output from the plant at 500 Hz can be treated as a set point, assuming a zero order
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hold (Figure 3-4).
3.3.2 The Outer Loop: The Plant and Support Systems
The outer loop bandwidth is 500 Hz, well above that required to track the 1-3
Hz oscillations of interest. Using load cell and LVDT measurements, the force acting
on the test section and its position were recorded. The load cell was calibrated daily
using a static load hung mid-span on the section. This eliminated the need to account
for the reaction force at the fixed end of the cylinder. During a forced sinusoidal run
with the test section removed, a dynamic transverse force 180 degrees out of phase
with the imposed motion was observed. Noting the sinusoidal force was therefore in
phase with acceleration, a correction was made by treating the force as an "apparent
mass" of 0.23 kg and subtracting it from the actual mass of the test section. The
LVDT showed little drift, and was calibrated monthly using a prescribed sinusoidal
motion sent to the servo. Signals from both sensors were simultaneously sent to the
Bridge based data acquisition systems via the bus, and sampled at 500 Hz by the
carriage based A/D board. The digital signals were then read into proto. cpp, the
outer loop control code. The force signal was calibrated using the static and "apparent
mass" measurements taken earlier. As a safety check to avoid large, spurious spikes
which could potentially damage the apparatus, the force signal sent to the plant' was
trimmed to within a range of five Newtons.
A third order Chebyshev low pass filter with a cut off frequency of 100 rad/sec
was then used to remove high frequency noise. If unfiltered force data was used in
our computer simulation, excessive chatter occurred in the physical feedback system.
This same difficulty also appears in robotics, specifically when position servos attempt
'The signal sent to the data acquisition computer was not effected by the control loop
manipulations.
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Figure 3-4: The cable is modeled in an outer force feedback loop running at 500 Hz,
which provides the set point for an inner velocity control loop running at 12 kHz.
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Figure 3-5: A third order low pass Chebyshev Filter is used to remove noise from the
force feedback signal.
to regulate forces between the robot and a hard environment: tasks of this nature are
extremely sensitive to unmodeled structural vibrations and even minute time-delays.
To our knowledge, no general solution exists for the problem, and little can be done
except to low-pass filter the force. For the experiments, this filter brings a phase
loss of fifteen degrees at the Strouhal frequency (Figure 3-5). The phase loss can
be expected to affect the observed hydrodynamics to some extent. Higher-frequency
power bands, due to either beating or nonperiodic behavior away from lock-in, or an
increase in the Strouhal rate itself, are particularly susceptible. The experimental
results presented in this thesis were obtained with the filter in place.
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We found that it was not necessary to filter the LVDT signal, as it was not
corrupted by higher frequency noise. Using a second order difference scheme, the
inertial component was calculated, and subtracted from the force signal. The resulting
signal, an estimate of the actual fluid forcing, is inputed to the plant. Using the
specified structural model, an angular velocity command is generated, and sent to
the MEI card (described in Section 3.3.1). This signal is then sent to the servo, which
in turn drives the cylinder.
Chapter 4
Mass, Spring, Dashpot System
4.1 Motivation
VIV can be a self-excited oscillation if the structure is compliantly mounted. Pre-
vious VIV research involving compliantly mounted test sections has typically relied
on physical mass, spring, dashpot systems. Due to the relative simplicity of imple-
menting a mass, spring, dashpot model with the VCTA, we conducted a series of
linear experiments for comparison with other published results. In this chapter, we
formulate a linear mass, spring, dashpot model, and describe its implementation in
the VCTA control code proto. cpp. The experimental procedure and data reduction
methods are then delineated. The experimental results are presented and compared
to a set of forced oscillation testing performed by Gopalkrishnan.
4.2 Structural Model
4.2.1 Theory
The desired model is
mi(t) + by(t) + ky = F(t), (4.1)
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Figure 4-1: A single mode linear model consisting of a mass, spring, dashpot compo-
nents.
where m is the mass of the virtual cable segment and F(t) is purely fluid forcing.
However, the measured force, F,, is actually
Fm(t) = F(t) - mylij(t). (4.2)
where mcy, is the actual mass of the test section. Therefore, to keep the desired
dynamics the same, the governing equation becomes
mj (t) + by (t) + ky(t) = Fm (t) + my, i(t). (4.3)
The left-hand side of this equation is the plant we simulate in the outer control
loop, which responds to the external inputs on the right. However, the implemented
homogeneous system has structural frequency yfk/m while the natural frequency
obtained in the experiment is k/(m + ma), where ma the fluid added mass. Because
ma is generally not known before the experiment, either a correction must be made,
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or an iteration made on the added mass. For ease of comparing results with published
data, ma is defined as the nominal added mass of a cylinder
m_ = DLr d (4.4)
realizing that the actual added mass (calculated after each run) could vary consider-
ably from this nominal value.
4.2.2 Implementation
The mass, damping ratio, and desired nondimensional frequency (Wd/Ws) param-
eters are entered into the MATLAB script discrete.m. For the results presented in
Section 4.5, we set m = 7ma, thus simulating a steel cable. Using these values, the
coefficients of the governing equation 4.3 are calculated as follows:
k = ,. 2 I iA
Ir..±.-,
b = 2(•-k (4.6)
where ( denotes the damping ratio. This equation is then rewritten in state space
form
X = [A] + Bu
v = x+
(4.7)
(4.8)
where
-b -k
[A] = m m
1 0
--- 1. d- - -
mI I&"
C= 1 0 1. (4.9)X
y
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This matrix is mapped to the discrete Z-Plane using a bilateral transform, via the
built in MATLAB function c2d. m. At this stage, the 2 x 3 matrix is saved to an ASCII
file, which is then transmitted over the computer local area network (LAN) to the
control microprocessor located on the carriage.
Prior to the beginning the experiment, this matrix is read in to RAM by the
proto. cpp. Once the experiment begins, the transverse force, sampled at 500 Hz, is
read into the vector iZ. The state vectors xl and x 2 are calculated using
x1 [n + 1] = All x1 [n] + A12 2 [n] + B1 u (4.10)
x2 [n + 1] = A21X1 [n] + A 22 2 [n] + B2 u. (4.11)
The servo velocity command is finally obtained from
S[n + 1] = X £[n + 1]. (4.12)
This discrete time signal is sent as a set-point to the MEI controller card, which is
running at 12 kHz.
4.3 Experimental Procedure
Prior to a set of experiments, the load cell is calibrated as described in Sec-
tion 3.3.2. Using discrete.m a linear model is generated and stored to disk. The
VCTA is then parked at the end of the tank, and the desired towspeed entered into
the Bridge based carriage controller. proto. cpp is brought on-line and the simulation
begins. The data acquisition microprocessors are triggered, and the carriage set in
motion. A towspeed of 0.30 m/s (Re = 9, 500) was selected so that at the nominal
Strouhal rate of 1.75 Hz there was no discernible phase loss due to the apparatus
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(Section 3.3). The towtank working length is approximately 18 m, so each run is 50
seconds in duration. At the completion of the run, data is renamed and stored to
disk for subsequent post processing. The carriage is returned to its starting position,
and the water is allowed to settle for five minutes between runs (Figure 4-2).
4.4 Data Processing
The settling time between runs afforded sufficient time to post process the data
from the preceding run. Processing began in vcta.m by loading the data to memory,
and calibrating Fx, Fy and LVDT. To remove higher frequency noise (particularly
on the force signals, which were most susceptible), a non-causal smoothing filter was
employed. The DC offset was then removed, and the signals detrended.
Next, using the routine ana-bals.m, the effect of inertia was subtracted from
the Fy signal using a second order central difference scheme about the LVDT. To
remove the effect of the carriage starting and stopping transients, the signals were
plotted and a steady state region selected. Using this region, a fast fourier transform
(FFT) was performed, and the user prompted to select the dominant peak frequency
w,. Using this period, the run was divided into bins of five periods each. For each
bin, following Gopalkrishnan's [9] definition, two lift and drag coefficients and two
phase angles were calculated. Each was aligned with one of the two closely-spaced
frequencies wl or w2 . These were consolidated into "equivalent" lift and added mass
coefficients which preserve the power flow of the pure sinusoidal coefficients. These
formulae also apply to the case with more than two distinct frequencies, denoted with
an 'n' subscript replacing the '1' above.
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Data Acquisition Loop
Figure 4-2: Flowchart of experimental procedure, controlled using two separate
microprocessors.
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SJi<C(t)< Cf((t), (t) >(4.13)
CF = < C!(t), i(t)> (4.14)
1•(t)2IJ(t) >m, pldU (4.15)2 < i(t), i(t) >
Cmn ~pdl (4.16)
where t is the integration period. From these coefficients, the mean added mass and
standard deviation followed. For ease of later plotting and analysis, these values were
stored in an array structure on the hard drive.
4.5 Results
The amplitude to diameter ratios (Y/d) for varying nondimensional structural
frequency, and different values of damping coefficient ( are shown in Figure 4-4. An
apparent lock-in region is visible in the range 0.8-1.0 on the frequency scale. The
case of ten-percent damping yields Y/d " 0.2 in the lock-in region; the other curves
are nearly coincident, and reach the expected value of unity. The "step" occurring at
0.7-0.8 in the lightly-damped cases is verifiable, as discussed below.
The nondimensional forces in phase with velocity and acceleration are shown in
Figures 4-5, and 4-6, respectively. The data indicate several negative force compo-
nents in phase with velocity - these imply fluid drag. However, since the system is
supposed to be driven by the fluid, drag is clearly impossible. Additionally, these are
not degenerate cases, as the motions are significant. In order to compare the over-
all results with reported curves, the amplitude results above are projected onto the
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Dell OptiPlex 466/Le
HP Vectra RS/20C
Figure 4-3: Data is analyzed on separate, dedicated microprocessors in the MATLAB
environment using either fast fourier transforms or covariance.
contour plots generated by Gopalkrishnan for forced-oscillation experiments [9]. His
plots give the desired force components as functions of nondimensional frequency and
amplitude ratio, so that with the projection, direct comparison of the forces can be
made. It is encouraging to note that the path followed by our amplitude curve on the
contour plot qualitatively follows the zero isopleth, including the "step" mentioned
above.
In general, the match is reasonably good up to the Strouhal rate. The main
discrepancies are as follows. Although the velocity force components have correct peak
values, they remain too high above the lock-in region. In Figure 4-6, Gopalkrishnan's
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Figure 4-4: Amplitude to diameter ratio as a function of nondimensional frequency
and damping ratio.
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Figure 4-5: Nondimensional force component in phase with acceleration (Cma), as a
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Figure 4-6: Nondimensional force component in phase with velocity, as a function of
nondimensional frequency and damping ratio.
curves indicate drops in all cases to -0.3 in the frequency range 1.0-1.2, followed by
an eventual recovery to zero. Our data, in contrast, suggests a continuation of the
strong positive value.
Similar observations can be made for the force component in phase with acceler-
ation. Up to the Strouhal rate, the data agree, as some increase in positive value can
be seen with frequency, and a sharp crossing through zero indicates lock-in. Where
our components quickly return to near zero at high frequencies, however, Gopalkr-
ishnan's values stay in the range -1 to -2. The discrepancies can be explained by the
increased phase loss in the apparatus at high frequencies due to the filter.
,,
Chapter 5
Inclined Cable System
5.1 Motivation
Visual observation of deeply-towed cables shows that the induced oscillations are
often modulated. This phenomena has been commented upon by Alexander [1] and
Kim [17], among others. Alexander further showed that the vibrations are not only
transverse, but also in-line with the flow, generally taking a path similar to a figure
"8." Grosenbaugh et al. [11] and Yoerger et al. [28] then showed in full-scale towing
tests that this beating response is well correlated with measured velocity shear.
An important component in any analytical study is a lift coefficient model which
decreases as the amplitude of vibration increases. This assumption limits the size of
the oscillations in the absence of structural damping. Forced beating experiments were
carried out by Gopalkrishnan [9] in response to these results and to the numerical
finding by Triantafyllou and Karniadakis [16] that linear superposition in VIV is
invalid.
5.2. Structural Model
5.2 Structural Model
5.2.1 Theory
Closely-spaced linear vibrational modes, often manifested as beating, can occur
in shallow-sag cables [15], [25]. The natural frequencies vary as a function of the
nondimensional parameter A:
ATa a - cosq4a, (5.1)
where 0, and Ta are the mean angle and top tension as defined in Figure 5-1, W is
the weight per unit length in water, A the cross-sectional area, and L the unstretched
cable length. Horizontal systems (Oa = 0) experience mode crossover, in which the
odd modes transition to higher odd modes through symmetric growth of side lobes;
the antisymmetric modes are not affected by A. For inclined catenaries, the modal
frequency lines do not cross, but veer apart instead. The avoided crossings can
be arbitrarily close, or quite disparate, depending on the ratio EAITa, which relates
axial to lateral wave speed. In both horizontal and inclined systems, however, dynamic
tensions can be extremely high near the crossover region, and therefore understanding
the natural response at this point is of great engineering importance [26].
The natural modes and mode shapes for a suspended cable can be computed using
the following formulation developed by Triantafyllou [25]. It is assumed that bending
stiffness and structural damping are negligible, Poisson's ratio equals 0.5, and all
forces lie in the vertical plane of the cable. The linearized equations of motion in the
local tangential and normal cable directions become
=u WT
m- 9 - - WO cos 0o (5.2)at 0s
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Ta
Figure 5-1: Coupled modes and avoided crossings for a suspended cable are computed
from a linearization about the static configuration.
Ov 8€ 0€oM = Teo + T-! + WO sin 0o (5.3)at as as
where m denotes the cable mass, M the effective cable mass in water (cable mass
plus added mass), and Teo = To(s) + pe(s)A, where To is the static tension, Pe is the
external fluid pressure, and A, the stretched cable section area. The compatibility
relations are
au dqo Oe
- v ds - (5.4)
B9 do at
+ u (5.5)as ds at
where u and v are the local normal and tangential velocities, respectively, and e is
the dynamic stretching.
Assuming all dynamic quantities are sinusoidal in time, the local velocities can be
-----
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expressed in the form
dpU = piweiwt (5.6)dt
dq
v - - qiweit (5.7)
where p and q are the tangential and normal displacements, respectively. Substituting
equations 5.6 and 5.7 into equations 5.2-5.5 yields
dT
-mw2p = d- WOcos 0o (5.8)ds
d do (59)
Mw2q d(Teo) + T (59)ds ds
T dp d~o
EA q (5.10)EAo ds ds
dq dq 0
= + p (5.11)ds ds
The solution process of these equations can be simplified by recognizing two dis-
tinct physical mechanisms of cable vibrations. First, like in the case of a taut string,
the cable is a waveguide of transverse traveling waves. As a simplification for an
inclined cable, it is valid to assume infinite elastic stiffness, as the curvature can be
reconfigured to satisfy geometric admissibility. The transverse vibrations result in
second order tangential displacements (p = O(cq)). The tangential and transverse
dynamics change at the same rate, and the form of the solution is called fast changing
in s. Using this formulation, the fast-varying solution can be computed using a WKB
perturbation approximation (see [3]) with the small parameter E oc WL/T,.
Second, the tangential disturbances are transmitted at the speed of elastic waves.
In the present case of a cable with near infinite elastic stiffness, the waves travel very
fast relative to the speed of transverse waves excited at the same frequency'. As a
1The wave propagation speed of axial and transverse waves is vE/ and N/Tim, respectively [24].
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result, the resulting vibrations vary slowly with space (p = O(cs) and q = O(Es)).
This leads to a solution which is markedly different from the case of a taut string.
This set of solutions is called slowly changing is s. The slowly varying solution is a
linear combination of Airy and Bairy functions. The total solution is then a linear,
weighted combination of the fast and slow components.
5.2.2 Implementation
The structural modes for the proceeding experiments are generated numerically
using Hover's [13] code path.m. Essentially, a function minimization algorithm based
on a golden section search and parabolic interpolation is used to numerically solve
for the unknown weighting coefficients subject to fixed end boundary conditions.
The main task for implementation is to define the fourth-order structural model for
the simulation. Galerkin projection provides a consistent way to incorporate these
dynamics into the simulation [6, 14]. First, normalized basis functions Ri(s) are found
for each mode, directly from the natural mode shapes described above. The lateral
reflection is written as
(s, t) = i(t)Ri(s) (5.12)
i=1
where Qi(t) is the temporal component of q(s, t). Equation 5.12 is then inserted into
the simplified2 transverse equation
0 2q dTo 9q a2q 0 0oM + T + T (5.13)
at 2  ds Os +T S2 Os
2Using geometric relations, equation 5.9 is simplified by substituting q = Dq/Os and
W sin 0o = dTo/ds.
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where the quasi-static dynamic tension is
T = EA ,1 ) q(s) ds.
L 2 as 1s (5.14)
Since the quadratic term in the integral is second-order, it is neglected in the expan-
sion. The governing equation with the substitutions becomes
00
M i(t)Ri(s)
i=:1
dT 00
ds i=1
00
Qi(t)R (s) + To Q (t)R '(s)
i=1
a0o EA 00
- Os L Q ii(t )ds L i=-1
JL 00o(s)ds
as
Both sides are then multiplied by the mode Rm(s) and integrated over the length.
For the first two modes (m = 1, 2) the resulting equations are
111101 + 1121Q2 - IriQ 1 + Ir21Q2 + Is81Q1 + Is21Q2 + It 11Q 1 + It 21Q 2 (5.17)
1112Q1 + I122Q2 = Ir12Q1 + Ir 22Q 2 + Is 12Q 1 + IS22Q2 + It1 2Q1 + It22 Q 2 (5.18)
where
23ij
Ir2,
Isii
Itij
= M RjRjds
- LMjR:Rjds
= LToRj'Rds
EA L RjL
(5.19)
(5.20)
(5.21)
(5.22)1 R0 ds ds.09s
Using To and Ri previously calculated in path.m, the integrals can be numerically
(5.15)
(5.16)
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calculated, and a set of coupled, second-order ordinary differential equations result
1111 1112 1 11 21 (5.23)
1112 1122 1Q 2  I 12 122 Q2 I
where Iii = Irii + Isii + Itii. This eigenvalue problem is then converted to state space
representation
X= [A] Z+ Bu (5.24)
where
0 0 Zl1 Z 12
0 0 Z 21 Z22
1 0 0 0
0 1 0 0
-1
1111 1112 121
1112 1122 12 1222
(5.25)
In a full-scale deployment, fluid forcing occurs along the entire cable length. At
the endpoints and nodes, the spatially-averaged forcing might be similar to that
on a rigid segment, with phase changes likely to occur across the nodes. Random
correlation length also plays a role, although this might be a minor effect with the
structure resonating strongly. Within the present experimental apparatus, the forces
are measured at only one location on the continuous structure. In the absence of a
complete hydrodynamic model for the cable, the simplest course is to zero the forcing
outside the experimental section. This is akin to suspending the member in air, with
the test section passing through a small water channel. Then no assumptions are
necessary about forcing on the rest of the cable. The force input and motion output
of our system is taken to be at location so. Using the Galerkin projection, the forcing
Q1
Qi
Q2
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term becomes
Rm(s)F(s, t)ds => F(t) Rm(S)dS (5.26)
where o is the half length of the test section. After the manipulations described
above, the state space input vector is
0 0 G11 G12
0 0 G21 G22
10 0 0
01 0 0
fso°+20 1 (s) ds2s1- R2(s)ds
o2  (5.27)
0
0
where S-1
[G] = 1111 112212 (5.28)
l1112 1122
Following the same methodology as was used for the mass, spring, dashpot system
in Section 4.2.2, the A and B matrices are mapped to the discrete Z-Plane, and
transmitted over the LAN to the microprocessor running the control code. During
the experiment, the transverse force is sampled at 500 Hz and read into the vector U'.
The four state vectors are then calculated using
xi [n + 1] = All xi [n] + Al2 X2 [n] + A3 3 [n] + A14 2 [n] + B u (5.29)
x2 [n + 1] = A21 l [n] + A 22 x2 [n] + A23 x3 [n] + A24 2 [n] + B 2 u (5.30)
x3 [n + 1] = A 3 1 x [n] + A 32 2 [n] + A33 X3 [n] + A34 x2 [n] + B 3 u (5.31)
x4 [n + 1] = A 41 Xl [n] + A 42 x2 [n] + A43 X3 [n] + A44 x2 [n] + B4 u. (5.32)
The motion for the motor to follow is
00
q(so, t) = Z Qi(t)Ri(so) (5.33)
i=-1
-4=
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Table 5.1: Physical parameters for inclined cable calculations.
which yields the velocity command
y [n + 1] = RI(so) xi [n + 1] + R2 (S o )X2 [n + 1]. (5.34)
This discrete time signal is sent as a set-point to the MEI controller card.
Some weak coupling generally occurs due to the fact that the mode shapes are
not entirely orthogonal in the crossover region. At the point of closest veering, eigen-
values for the first two modes are {0 ± j10.349, 0 +j11.172}, and the eigenvectors are
{-0.995, -0.030, 0 ± j0.096, 0 ± j0.0029} and {0.096, -0.991, 0 ± j0.0086, 0 ± j0.089}.
Away from crossover, the taut-string modes (sinusoids) dominate.
Using the physical parameters in Table 5.1, the natural frequencies shown as solid
curved lines in Figure 5-2 were generated. The parameters were chosen to match the
size and bandwidth of the experimental apparatus. The minimum detuning is seven
percent. The variation in the avoided crossing value of A from the usual value of 27r
is due to the significant added mass of the cable in water.
5.3 Data Processing
As with the mass, spring, dashpot processing, the script vcta.m was called, cali-
Parameter Value Units
length 5.0 m
diameter 3.17 cm
cable density 7000 kg/m 3
Young's modulus 11-270 MPa
Oa 28.28 deg
Ta 528 N
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Figure 5-2: Avoidance of the first two natural modes (solid curved lines) is shown
for the parameters of Table 5.1. Also shown are twenty points for the test runs; five
different Strouhal rates for four different structures (A).
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brating, filtering, detrending and compensating (inertia correction) the Fx, Fy, and
LVDT channels. The signals were then passed to anabeat5.m, where a steady state
region was graphically selected from the time trace. In this region, a zero crossing was
located at the beginning of the steady state time trace (to reduce spectral leakage),
and an interval containing a factor of 128 samples selected (to expedite processing).
After a FFT, the three dominate peaks were selected from the Fy and LVDT spectra,
and the corresponding frequencies and magnitudes stored to disk for analysis.
5.4 Results
5.4.1 Amplitude Spectra
Sixty tests were conducted for Reynolds numbers 7, 100 < Re < 11, 000, covering
four A and five w, points, shown as points in Figure 5-2 along with the first two
natural modes. For each of the twenty A/w, points, we considered three locations
on the cable: so = {0.25L, 0.50L, 0.75L}. The Strouhal rate was varied directly by
changing the towing speed; the range of 0.225 to 0.360 meters per second covers all
the natural modes.
Figure 5-3 shows the overall results. Each row of plots corresponds to a particular
configuration of the structure (A), and the first column shows the corresponding lateral
mode shapes. Here, a transition from the taut-string modes into hybrid modes near
A/ir = 1.78 is evident, and the second and third taut-string modes are starting to
emerge by A/7r = 2.11. The other three columns cover the locations on the cable,
and five curves are given within each of the twelve small plots to cover the different
Strouhal rates, or towing speeds. These plots, numbered one to twelve, show the
log FFT amplitudes for the nondimensional amplitude in the sixty tests, rotated
through ninety degrees. The baseline value is 0.01, and a horizontal scale in each plot
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Figure 5-3: Log Y/d spectra are shown as a function of A, U and so, with the natural
mode shapes in the left column. In each subplot, two dotted lines show the structural
frequencies, and the Strouhal rate is shown as a dashed inclined line.
s = 0.25 L s = 0.5 L s = 0.75 L
Cl
U-
0
CDC
2al0Ja)
a)1
LL
>,120
L.
,12Ca( 10I
a8
LL
5.4. Results 57
shows two orders of magnitude. Two dotted lines show the structural modes, and the
inclined dashed line shows the Strouhal rate.
This particular view of the spectra highlights the lock-in phenomenon, in which
the spectral peaks fall substantially from the Strouhal rate line. In all but subplot
(2), the magnitude is increasing through the range of forward speeds; additional high-
speed runs would be required to "reattach" the observed peaks to the Strouhal rate.
Overall, peak frequencies occur near the Strouhal rate and the structural modes, and
the peaks have a moderate width.
We observe in the data three fundamental mechanisms of energy transfer with
increasing Strouhal rate. First, the cable cannot be excited at a node, which implies
that any motion at such a point is due to vibration of the other mode. This is evident
in subplots (2), (5), (9), and (12). A node occurs near so = 0.50L in the first two
subplots, moving to so = 0.75L in the second pair. These are the results most closely
related to prior free-vibration studies. Subplots (4) and (7) show somewhat more
faithful tracking of the Strouhal rate with narrow-band response spectra, although
eventual lock-in to the second mode is apparent. For these values of A, the two modes
are more strongly coupled than elsewhere which may account for the monochromatic
peak. Additionally, the projection of forcing onto the second mode shape is more
pronounced than the first. This is an imbalance not shared by the mode shapes for
subplots (6) and (8). Bimodal responses exist in subplots (1), (3), (6), (8), (10),
and (11). Here, energy transfers are from one mode to the other, without significant
variations in frequency. Lock-in to both modes occurs, with a weighting toward the
Strouhal rate.
5.4.2 Quasi-periodic Dynamics
Given that chaos can exist on the lock-in boundary in Figure 2-2, we repeated in
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triplicate the experiments from subplot (6), in order to study the behavior on a finer
scale. Several typical LVDT time series are given in Figure 5-4. The corresponding
Poincard plots are also shown, for which we zeroed Q (t) from the simulation data;
the plot shows the Q2(t) and Q2 (t) projections. In the first case, the Poincard plot
is almost devoid of any structure. This is a typical result, primarily due to the small
amount of data available for filling in the pattern. In the second case, a 1:9 frequency
ratio is clear, but again because of the small number of oscillations in any one run,
the internal structure of the clusters cannot be viewed.
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Figure 5-4: Time series and corresponding Poincard plots are for two runs in the
bimodal regime of subplot (6). The behavior cannot be fully characterized because
of the small amount of contiguous data available.
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Chapter 6
Wake Structure Near
Synchronization
6.1 Overview
In Chapters Four and Five, we analyzed the response of a compliantly mounted
cylinder placed in a free stream. In this chapter we swap vantage points, and qual-
itatively investigate the effect of the cylinder on the near wake vortex formation in
the lock-in region. Using the dye-injection system described in Section 3.2.4, the dis-
crete vortex packets in the wake are visualized and recorded on video for subsequent
analysis.
Earlier research in this field has been done by Williamson and Roshko. In their
paper, "Vortex Formation in the Wake of an Oscillating Cylinder", the effect of a
body on its own wake for Reynolds numbers 300 < Re < 1,000 is described [27].
Aluminum particles distributed on the free surface are used to visualize the wake
generated by a cylinder forced to oscillate normal to the free stream. The authors
parametrize the data space in terms of the forced trajectory of the cylinder, which is
described by amplitude (Y), and wavelength (A = U/f).
Of particular interest was the change in timing and configuration of the near wake
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vortices associated with the jump in phase of the lift force near synchronization. Near
the lock-in region, the authors observe the formation of two shear layers each half
cycle induced by the acceleration of the cylinder. Using this observation, two distinct
mechanisms are described for vortex interactions as a function of critical wavelength1 .
Above this critical wavelength the like-sign vortices formed each half-cycle coalesce
to form a von Karmin wake. Below the critical wavelength the like-sign vortices do
not merge, but instead convect away from each other, and pair with opposite-sign
vortices in the wake. As a result of this convection, the wake is considerably wider
than the von Karmin wake. The authors correlate this change in wake structure with
the abrupt jump in the phase of the lift force.
6.2 Experimental Procedure
As an initial survey of the free vibration data space, we elected to use red dye
to visualize the vortex packets. Previous experience with the dye injection system
described in Section 3.2.4 has shown that this method produces coherent packets in
the wake up to twenty-five diameters aft of the cylinder (about five vortices using
the current apparatus with a towspeed of 0.3 m/s). To maximize the number of
runs possible on a given day, the dye flow rate was adjusted such that there was
sufficient contrast to just to discern the individual vortices, yet not so much dye as to
prematurely saturate the water. Fortuitously, the dye was slightly more dense than
the tank water, and settled to the bottom with little dispersion between runs. As a
result, it was possible to conduct a series of up to twelve runs before the background
dye level obscured the vortices. By elevating the chlorine level of the water, and
running the built-in filtration system over night, we were able to completely bleach
'The critical wavelength corresponds to the frequency described by Bishop and Hassan [4] at
which the phase of the lift force abruptly changes in the lock-in region.
6.3. Results
out the dye by the next morning.
We sampled the Fx, Fy, and LVDT signals using the same method described in
Section 3.2.5. The flow was recorded on video tapes using both a hand held camera
positioned by the observation windows mid-way down the tank, and an compact
underwater camera rigidly mounted to the carriage. Following the experiments, the
tapes were analyzed using a video system capable of high quality, slow-speed playback.
From the flow visualization we attempted to quantify the number of vortices shed per
half cycle, and the typical wake structure.
For the mass, spring, dashpot system, the wavelength was calculated directly from
the implemented structural model. In future experiments, an average wavelength
could be calculated from the LVDT data, which would take into account the effect of
the actual added mass. The amplitude response was calculated as the mean of the
largest 70-95 percent peaks. This method effectively located the outer envelope of
motion, filtering out spurious peaks.
6.3 Results
6.3.1 Mass, Spring, Dashpot System
A total of twenty tests were conducted at a towspeed of 0.30 m/s (Re = 9, 500) for
two damping ratios (C = {0.10, 0.01}) spanning the wavelength range 3.8 < A/d < 9.0.
This range of parameters were selected to lead to results which could be compared
with Figure 4 [27, page 362] of Williamson and Roshko. In their paper, they designate
the von Kirman wake by 2S, indicating that two distinct Single vortices are apparent
in the wake each cycle (Figure 6-1). The formation of vortex Pairs which convect
away from the wake centerline is designated 2P. In this thesis, we will subdivide 2P
into 2PN (Narrow, Figure 6-3) and 2PW (Wide, Figure 6-4). Additionally, we define
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the skewed vortex configuration sketched in Figure 6-2 as 2SK. In this structure,
vortex pairs are skewed relative to the flow direction, and the spacing between pairs
is slightly greater than in the 2S case. The pairs do not convect away from each other,
resulting in a relatively narrow wake.
Williamson and Roshko also discuss combinations of these wake structures [27].
However, with our present flow visualization system, the resolution is insufficient to
discern these more subtle formations (due to diffusion of the dye and the increased
Reynolds number). As a result, they are not discussed further in this thesis.
The first set of tests is conducted using model with a damping ratio of ten percent.
For wavelengths A/d > 6, the amplitude is relatively small (Y/d < 0.1), and the
wake is the expected 2S form. As the wavelength ratio is decreased to the range
4.5 < A/d < 6, the amplitude ratio increases. At the upper end of this range,
the wake takes on the 2SK form. However, once the critical wavelength is crossed
(A/d ; 5), the wake becomes 2PN. As the wavelength is further reduced A/d < 4.5,
the 2S configuration is recovered. These results are consistent with the observations
of Williamson and Roshko.
For the case of one percent structural damping, we observe a similar relationship
between wavelength and vortex structure. The 2S wake persists down to a wavelength
ratio of A/d > 7.8. For the range 6.7 < A/d < 5.5 the 2PW wake is clearly visible.
Below A < 4.5 the 2S structure is recovered. Between these regimes, the wake is
unstable, and the vortex pairing becomes irregular. These wake structures are mapped
in Figure 6-5 for both damping ratios.
For a given wavelength, the greater response amplitude associated with the less
damped case resulted in a considerably wider wake configuration. The synchroniza-
tion region also appears to occur at higher wavelength ratios for increased amplitude
response.
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6.3.2 Inclined Cable System
Sixteen tests were conducted to investigate the wake structure in regions corre-
sponding to each of the three fundamental mechanisms of energy transfer discussed
in Section 5.4.1. The wavelength ratio used by Williamson and Roshko is defined
only for a single frequency. For this reason, we opted to follow the approach used in
Section 5.2.1, and parametrize the data space in terms of the structural frequencies
and the Strouhal rate. Subplots of Figure 5-3 are referenced in parenthesis.
The first energy transfer mechanism occurs in the presence of a structural node.
Tests were conducted using a cable model with A/r = 1.27 at the location so/L = 0.50
over a representative range of Strouhal numbers. For a Strouhal rate ten percent
greater than the non-node frequency, the wake is 2PW. As the Strouhal rate is in-
creased to twenty percent above the second natural frequency, vortex convection away
from the wake centerline is reduced, forming 2PN. Some of the coherent structure is
lost. (Figure 6-6).
In the second mechanism, energy is transfered from one mode to the other with
little variation in frequency. The synchronization response is bimodal, with varying
degrees of lock-in at both modes (3). We conducted tests using the above cable model
at the location so/L = 0.75. For a Strouhal rate slightly above the first natural
frequency, the wake is 2SK. When the Strouhal rate is increased to coincide with the
second modal frequency, a large amplitude bimodal response results in a 2PW wake
structure, which is appreciably wider than the other wakes observed for this cable
configuration. At a Strouhal rate ten percent above the second frequency, the wake
narrows into 2PN. However, as the Strouhal is increased another ten percent, the
2PW structure is resumed (Figure 6-7).
The third mechanism occurs when the modes are strongly coupled (4), (7). The
frequency response of the cable follows the trend of the Strouhal rate. Using a cable
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model with A/ir = 1.78, we investigated the wake at location so/L = 0.25. For a
Strouhal rate coincident with the first structural mode, the wake is 2PN. This pattern
holds as the Strouhal rate passes through the second natural frequency. However, for
a Strouhal rate 110 percent of the second frequency, the wake widens into the 2PW
structure (Figure 6-8).
6.4 Discussion
Qualitatively, for the tests employing the mass, spring, dashpot model in the lock-
in region, we find good agreement with the results of Williamson and Roshko. The
trend is a configuration of single vortices (2P) for higher wavelengths (A/d > 7),
which group into a paired structure as the wavelength is decreased. The nature
of the pairing is dependent on the response amplitude. Large amplitudes result in
increased convection of pairs from the wake centerline, produces a broad wake. An
abrupt transition between shedding patterns is clearly visible for wakes near a region
of instability.
For the inclined cable model, the largest response amplitude typically results in the
2PW wake. This 2PW wake persisted for Strouhal rates up to 120 percent of the upper
structural frequency in both non-node locations (A/7 = 1.27, so = 0.75 and A/7r =
1.78, s, = 0.25). The 2PN wake observed for the upper Strouhal rate in the second
modal node location (A/r = 1.27, so = 0.50) suggests that for Strouhal rates in
excess of 120 percent, normal wake convection will diminish, and the 2PW wake will
transition into 2PN.
This chapter has presented qualitative results from a general survey of the data
space. Further insight into the nature, structure and timing of vortex shedding could
be obtained in the future using more sophisticated flow visualization methods, such
as Digital Particle Image Velocimetry (DPIV).
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Figure 6-1: Sketch of the two single (2S) vortex configuration forming a von Kirmin
wake. Every half cycle two like-sign vortices are shed, and coleasce to form the
asymmetric wake structure.
Figure 6-2: Sketch of the skewed vortex pair structure (2SK). The spacing between
pairs is slightly greater than in the 2S case.
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Figure 6-3: Sketch of the closely paired vortex structure (2PN). Every half cycle the
two like-sign vortices shed in the near wake pair with opposite-signed vortices to form
this narrow wake.
Figure 6-4: Sketch of the widely paired vortex structure (2PW). Every half cycle the
two like-sign vortices shed in the near wake convect away from each other and pair
with opposite-signed vortices to form this broad wake.
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Figure 6-5: Map of the near wake vortex structure for the mass, spring, dashpot model
operating in the fundamental synchronization region. The question mark symbols
indicate a region of wake instability.
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Figure 6-6: Map of near wake vortex structure for an inclined cable model of
A/7r = 1.27 at location s, = 0.50L. The symbol N.V. denotes a cable configuration
which was Not Visualized in this set of experiments.
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Figure 6-7: Map of near wake vortex structure for an inclined cable model of
A/ir = 1.27 at location so = 0.75L.
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Figure 6-8: Map of near wake vortex structure for an inclined cable model of
A/ir = 1.78 at location s, = 0.25L.
Chapter 7
Conclusions and Future Design
Considerations
7.1 General Conclusions
7.1.1 Mass, Spring, Dashpot System
A lock-in region was observed for structural frequencies 80-100 percent of the
Strouhal rate. For damping ratios less than one percent, a maximum amplitude to
diameter ratio of unity is reached near a nondimensional frequency of 0.85. Compar-
ison with Gopalkrishnan's forced oscillation results are favorable up to the Strouhal
rate. These discrepancies exist because of increased phase loss in our apparatus at
high frequencies due to the filter.
7.1.2 Inclined Cable System
The experiments on the vortex-induced vibration of an inclined cable model sug-
gest that at least three mechanisms exist for the emergence of structural lock-in with
increasing Strouhal rate. The first occurs at a node, and is similar to the reported
results for single-degree of freedom systems. Alternatively, antinode forcing near the
crossover regime sometimes avoids the first mode, but eventually locks to the second.
7.2. Future Design Considerations
A third case, in which lock-in occurs for both modes simultaneously, was observed
most commonly. The experimental Poincard plots require much longer runs to char-
acterize the response.
7.1.3 Near Wake Structure
Flow visualization of the near wake in the synchronization region highlights the
fundamental change in vortex structure as the model passes through the critical wave-
length. Qualitatively, for the tests employing the mass, spring, dashpot model in the
synchronization region, there is good agreement with the results of Williamson and
Roshko. Future studies using Digital Particle Image Velocimetry could lead to further
insight into the nature, structure and timing of the vortex shedding.
7.2 Future Design Considerations
The logical extension of the VCTA is to include a second degree of freedom in
the horizontal plane. Another extension is to decouple the cable ends, giving each a
independent degree of freedom in the vertical direction. Designs for an apparatus of
this nature are currently under development, and will be presented in the following
section. Allowing each end of the cable to move independently introduces the need for
a variable length test section. This can be accomplished using a ball joint with a axial
sliding pin joint. There are basically two distinct drive systems under consideration,
a rigid linkage and a cable drive. Each offers certain advantages and disadvantages,
which will be presented below. In both cases, the drive mechanism positions a car
mounted on Bishop-Wisecarver Dual-Vee wheels. The Vee wheels allow a cost and
space effective method of achieving smooth underwater operation.
7.2. Future Design Considerations
7.2.1 Rigid Linkage
To reduce corrosion, the rigid linkage drive mechanism is constructed from alu-
minum 6061-t6 bar stock and stainless steel. All ball bearings are flanged, and pre-
tensioned using Belleville washers. This design offers a high degree of positioning
precision, at the cost a significant inertial component, and the need for high tolerance
machining. Many moving components are exposed to the corrosive water (Figures 7-1
and 7-2).
7.2.2 Tendon Drive
The tendon drive works off a flexible steel cable, linking a servo-mounted drum to
the top of the Bishop-Wisecarver car. Tensioning is achieved by rotating the motor
bracket squeeze clamp (Figure 7-3). A counter-balanced crank helps eliminate rota-
tional imbalance. For ease of manufacture, a modular car housing could be designed
(Figure 7-4). A schematic of the tendon is presented in Figure 7-5. The tendon drive
offers light weight, inexpensive manufacture, and easy adjustability. Given its lower
inertia, the tendon drive response will be faster than the rigid linkage. The disad-
vantages include less accurate positioning, and possibly undesirable cable dynamics
in the frequency range of interest.
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Figure 7-1: Exploded schematic of rigid drive linkage.
tensioned Belleville washers.
All ball bearings are pre-
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Figure 7-2: Overall schematic of rigid drive linkage. A servo, mounted to the drive
wheel, positions a Bishop-Wisecarver car, attached to the end of a test section.
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Figure 7-3: Schematic of motor bracket. The tendon drive linkage is tensioned by
rotating the motor bracket squeeze clamp.
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Figure 7-4: Schematic of tendon drive modular endcap. A removable frame supports
the car and tendon drive.
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Figure 7-5: Schematic of the tendon drive path.
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